As part of a project funded by the European Commission (EC) for the development and evaluation of multiresidue methods for analysis of drinking and related waters, 15 European laboratories evaluated a method using styrene-divinylbenzene copolymer solid-phase extraction followed by gas chromatography/mass spectrometry. The main aim of the study was to evaluate whether the method meets the requirements of EC Directive 98/83 in terms of accuracy, precision, and detection limit for 22 pesticides according to the following requirements: limit of detection, £0.025 mg/L; accuracy, expressed as recovery between 75 and 125%; and precision, expressed as repeatability relative standard deviation of the method of <12.5% and as reproducibility relative standard deviation of the method of <25%. Analyses for unknown concentrations were performed with fortified commercial bottled and tap waters. All laboratories were able to achieve detection limits of 0.01 mg/L for all pesticides except dimethoate and desisopropylatrazine (0.02 mg/L). The criteria for repeatability were met for all compounds except trifluralin, dimethoate, and lindane in bottled water and chlorpyrifos, dimethoate, and lindane in tap water. The criteria for reproducibility were met for all compounds except trifluralin, dimethoate, and lindane in bottled water and pendimethalin, chlorpyrifos, dimethoate, terbutryn, and lindane in tap water. In terms of accuracy, the method meets the requirements for all pesticides in both matrixes, except for lindane in bottled water and lindane and chlorpyrifos in tap water. C ontamination of water resources by pesticide residues is one of the major challenges for the preservation and sustainability of the environment. In Europe, commercialization and the use of pesticides are authorized within a precise regulatory framework in order to limit human risks and environmental pollution. In addition, a regulation related to water quality enforces the assessment of drinking water. This regulation, according to the Council Directive on the Quality of Water Intended for Human Consumption 98/83/EC (1), states that individual pesticide concentration and the sum of all individual pesticide concentrations in drinking water should not exceed, respectively, 0.1 and 0.5 µg/L. According to this European Commission (EC) Directive, the analytical method used shall, as a minimum, be capable of measuring concentrations equal to the parametric value (0.1 µg/L) with trueness, precision, and limit of detection (LOD) of 25% related to the parametric value.
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C ontamination of water resources by pesticide residues is one of the major challenges for the preservation and sustainability of the environment. In Europe, commercialization and the use of pesticides are authorized within a precise regulatory framework in order to limit human risks and environmental pollution. In addition, a regulation related to water quality enforces the assessment of drinking water. This regulation, according to the Council Directive on the Quality of Water Intended for Human Consumption 98/83/EC (1), states that individual pesticide concentration and the sum of all individual pesticide concentrations in drinking water should not exceed, respectively, 0.1 and 0.5 µg/L. According to this European Commission (EC) Directive, the analytical method used shall, as a minimum, be capable of measuring concentrations equal to the parametric value (0.1 µg/L) with trueness, precision, and limit of detection (LOD) of 25% related to the parametric value.
These criteria were interpreted as follows: LOD ≤ 0.025 µg/L; trueness expressed as recovery has to be between 75 and 125%; precision, expressed as the repeatability relative standard deviation (RSD r ) of the mehod, must be <12.5%, and expressed as the reproducibility relative standard deviation (RSD R ) of the method, must be <25%.
Three multicomponent residue methods, allowing simultaneous monitoring of as many compounds as possible, were developed with the use of gas chromatography/mass spectrometry (GC/MS), liquid chromatography with ultraviolet diode array detection (LC/UV), and liquid chromatography/mass spectrometry (LC/MS).
A list was selected on the basis of common interest from the priority pesticide lists of 7 EC countries.
The common list includes 27 herbicides, 3 triazine metabolites, 7 insecticides, and 1 fungicide (2) .
All compounds from the common list were tested by LC/UV. Compounds showing a UV absorbance of <20% of the UV response of atrazine at the wavelength of maximum absorbance were eliminated. Pesticides that were not determined by the LC/UV method were transferred to the candidate list for GC/MS method development. Methods that included derivatization were not tested. An overview of the pesticides determined by the GC/MS method is shown in Table 1 .
Solid-phase extraction (SPE) was chosen as the isolation technique for all methods (3) . SPE is particularly suited for the isolation of organic micropollutants from water because large volumes of organic solvents can be avoided and SPE can readily be automated.
The use of various solid phases for the isolation of pesticides has been previously discussed (4) .
SPE has been frequently used as an isolation technique in combination with GC/MS for the determination of various pesticides (5-7) and pesticide metabolites (6, 8, 9) . In some cases it has been used for the confirmation of results obtained through LC/UV analysis (10).
SPE followed by GC/MS has also been applied to the determination of broader groups of pollutants (11, 12) . Direct coupling of SPE and GC/MS (13, 14) and solid-phase microextraction (SPME; 15) have been described for the determination of organic micropollutants.
Within this project, 9 SPE materials were evaluated with respect to recoveries of the pesticides from drinking water: 4 octadecyl-modified silicas, 4 divinylbenzene-type materials, and 1 graphitized carbon black. The styrene-divinylbenzene copolymers were selected for further work because they were the only ones that gave recoveries between 75 and 125% for most of the compounds under investigation (2, 3). VAN -Filled with 200 mg styrene divinylbenzene, e.g., SDB-1 (J.T. Baker, Deventer, The Netherlands), Isolute ENV+ (IST, Hengoed, UK), or ENVI-ChromP (Supelco, Bellefonte, PA); 3 or 6 mL was conditioned successively with 3 mL ethyl acetate, 3 mL methanol, and 6 mL water at 10 mL/min.
(c) GC/MS system.-Suited for temperature-gradient programming; equipped with automatic sample injector, on-column or split-splitless injector, and ion trap or quadrupole mass detector. 
Sample Extraction
A 500 mL volume of drinking water, to which 5 mL methanol was added, was passed over the conditioned sorbent at a flow rate of 5-10 mL/min, followed by a rinse of 6 mL water at 10 mL/min. Afterwards the sorbent was dried under nitrogen or air for 15 min.
The cartridge was soaked with 2.5 mL ethyl acetate and eluted at 0.8 mL/min; the eluate was collected in a glass tube containing 500 µL isooctane. A second portion of 2.5 mL ethyl acetate was passed through the cartridge at a flow rate of 0.8 mL/min. The eluate was collected in the same tube. The eluate was then dried under a gentle stream of nitrogen to ca 300 µL. The volume was precisely adjusted to 500 µL with isooctane; 10 µL internal standard solution was added to the extract, and an aliquot of this extract was used for GC/MS analysis.
GC/MS Determination
The GC/MS conditions were as follows: column, DB 5ms (J&W, Folsom, CA; 30 m × 0.25 mm id, 0.25 µm film thickness), or equivalent; column temperature, programmed from 50°C, held for 1 min, to 150°C at 10°C/min, then from 150 to 240°C at 4°C/min, then from 240 to 270°C at 15°C/min, held for 2 min; injection mode, splitless; injector temperature, 250°C; carrier gas, helium at 1 mL/min; ionization mode, electron impact; electron energy, 70 eV; scan range, 46-420 amu; scan mode, full scan or selected-ion monitoring (S/N); cycle time, <2 s.
The identity of each compound was confirmed by the retention time, which was required to be within 1% or ≤10 s of the retention time of the standard.
A compound assigned on the basis of retention time was considered identified if the mass spectrum was in agreement with that of the reference compound. The ions selected for quantitation and confirmation of identity of the pesticides are listed in Table 2 .
A target compound was considered identified if (1) the relative (or absolute) retention time of the compound in the sample did not differ by more than ± 0.2% (or a maximum of ± 6 s) from the relative (or the absolute) retention time determined for the last measured external standard solution and (2) the relative intensities of all diagnostic ions in the sample did not deviate by more than ± (0.1× I std + 10)% from the relative intensities of those in the external standard solution (I std = relative intensity of the diagnostic ion in the external standard solution).
Purity of the Reference Compounds
Each reference compound was supplied with a certificate stating the percentage purity.
Stock solutions (10.00 µg/mL) were analyzed, the areas of all peaks in the total ion chromatograms were normalized, and the areas due to impurities were calculated as percentages of the total areas.
The purity controls confirmed the information provided by the manufacturer. Desisopropylatrazine was shown to contain 4.4% simazine, and terbutryn contained 1.5% triazine impurities.
Preparation of Test Solutions
A stock standard solution of each compound at 1000 µg/mL was prepared in ethyl acetate, except for simazine. Simazine was dissolved in ethyl acetate at 200 µg/mL. The solutions were further diluted with ethyl acetate to 10 µg/mL.
Solutions with concentrations unknown to the participants were prepared from the stock standard solutions by dilution with ethyl acetate to concentrations between 0.5 and 1.5 µg/mL. Spiking 1 L water samples with 200 µL of these solutions resulted in pesticide concentrations of 0.1-0.3 µg/L ( Table 2 ).
All solutions were stored at 4°C before distribution.
Homogeneity of the Solutions
Five of 31 vials in each series (vials containing samples with known concentrations and vials containg samples with unknown concentrations) were selected at regular intervals (3, 9, 15, 21, 27 ) and were analyzed in duplicate. One vial of each series was analyzed as 8 replicates. Intra-and intervial varia- VAN 
Stability of the Solutions
Forty vials containing a mixture of the pesticides at 10 µg/mL were stored in the dark at different temperatures: -21, 4, 25, and 40°C. Two replicate vials were transferred to -21°C after 0, 2, and 4 weeks, and after 3 and 6 months.The test solutions were analyzed after 4 weeks and 6 months. No degradation (>25%) occurred for any compound at all temperatures over a 6 month period, except for the endosulfan isomers and anthracene-d 10 . Both endosulfan isomers start to show significant degradation after 1 month at 40°C and after 3 months at 25°C. After 1 month none of the compounds showed >10% degradation, except lindane (40°C).
After 3 months >10% degradation was observed under all circumstances for desethylatrazine, desisopropylatrazine, dimethoate, lindane, pirimicarb, cyanazine, chlorpyrifos, and anthracene-d 10 .
Interlaboratory Study
In order to evaluate the performance of the developed method, each participant received a detailed analytical protocol and reporting sheets, which were discussed in detail during a meeting before the interlaboratory test started. Any deviation from the analytical protocol had to be reported.
In addition to this information, each participant received a video illustrating the context of the project and the analytical method.
Solutions at concentrations unknown to the participants, which were used for spiking the water samples with each pesticide at 0.1-0.25 µg/L, and solutions at known concentrations for the preparation of calibration curves and determination of detection limits were sent to the participants in 5 mL amber glass capillary vials. The test solutions were stored at 4°C before distribution.
The evaluation was performed with 2 types of water: each participant had to spike the locally available tap water and a commercially available bottled water (Evian water). All experiments had to be performed over 3 days: on days 1 and 2 the tap water and the bottled water, both spiked at unknown concentrations, had to be analyzed twice to evaluate repeatability and reproducibility. On day 3, the bottled water spiked at 0.025 µg/L was analyzed in 7 replicates for calculation of the detection limits. On each day an 8-point calibration curve was prepared. An overview of the concentrations of the different pesticides in the spiked samples is given in Table 2 . The analysis scheme is shown in Table 3 .
Results were evaluated according to AOAC guidelines (17) . Outlier results, identified by the Cochran test for repeatability and the Grubbs test for extremes of reproducibility, were omitted from the calculations.
Linearity was evaluated by 2 approaches: (1) calculation of an 8-point calibration curve, based on linear regression, and where y i = response of calibration point i, x i = mass of calibration point i (in pg), and n = total number of calibration points. In case of perfect linearity, each calibration point must yield y i /x i = 100%. A tolerance of ±10% is acceptable. Only 1 of the 8 calibration points may not satisfy this criterion.
The LOD for each compound and for each laboratory was calculated as 3 times the within-batch standard deviation from analyses of 7 replicate samples spiked with each pesticide at 0.025 µg/L. The average LOD was calculated as the average of the results of all the laboratories. The maximum result, which was higher than 5 times the minimum result, was eliminated from the calculation of the LOD. Similarly, the minimum result, which was lower than 5 times the maximum result, was eliminated as well (18) .
The repeatability for each pesticide and each type of water at day 1 has been calculated as the relative standard deviation (RSD r1 ) of all individual results of all laboratories. An identical approach has been used for the second day (RSD r2 ).
The reproducibility for each pesticide and each type of water was calculated as the relative standard deviation of all results on both days (RSD R ).
The recovery of each pesticide was calculated as the average of all results on both days.
Results and Discussion
Before this interlaboratory test was initiated, a smaller laboratory intercomparison was organized with 6 participants. obtained showed that the injection of ethyl acetate extracts and calibration standards in ethyl acetate leads to shortened column lifetimes and poor results in terms of linearity. Toluene and isooctane were tested as alternatives; better results were obtained with isooctane. Solvent exchange from ethyl acetate to isooctane was applied to the SPE extracts (3). Twenty laboratories were provided with the method and solutions containing pesticides at known and unkown concentrations. Fifteen laboratories reported results; 1 laboratory was excluded from the final statistical calculations because it was found to be an overall outlier laboratory that had not followed the analytical protocol.
All participants used styrene divinylbenzene-type SPE materials for the isolation of the pesticides; however, these materials were obtained from different suppliers.
The equipment and chromatographic conditions used by the participants are given in Tables 4 and 5 . Within the limits of the analytical protocol, mostly 5% phenyl nonpolar capillary columns were used, the use of different injectors as well as the use of quadrupole and ion trap detectors was allowed. Acquisition was performed in full-scan mode or in S/M mode.
The sum of 2 or 3 ions was used for quantitation.
An overview of linearity results as an average of all laboratories for 3 different days is given in Table 6 . For most pesticides the requirement defined for the linearity plot (only 1 of the 8 points out of range) was not met in spite of the use of anthracene-d 10 as an internal standard: only for lindane was compliance achieved over 3 consecutive days. Obviously, this requirement is too strict for GC/MS work; most pesticides had an average correlation coefficient of ≥0.997. Only desisopropylatrazine, dimethoate, metribuzin, cyanazine, and pendimethalin had correlation coefficients below this value.
The LOD for each compound and for each laboratory was calculated as 3 times the within-batch standard deviation by analyzing 7 replicate samples of a commercial drinking water spiked with each pesticide at 0.025 µg/L. Table 7 gives an overview of the LOD for each pesticide. Results in bold are outliers and were not included in the calculation of average values. All pesticides have an average LOD of 0.01 µg/L, except desisopropylatrazine and dimethoate, for which the LOD is 0.02 µg/L.
Values for repeatability and reproducibility in both matrixes, expressed as relative standard deviation (RSD r and RSD R , respectively), are reported in Table 8 . For the commercial water, the method is repeatable, according to the definition given in the introduction, for all pesticides at the unknown concentration level except for dimethoate, lindane, and trifluralin. For the tap water matrix, the method is repeatable for all pesticides except for dimethoate, lindane, and chlorpyrifos. Reproducibility was calculated on the basis of 4 analyses spread over 2 days. For the commercial water matrix, the method is reproducible at the unknown concentration level for all pesticides except for trifluralin, dimethoate, and lindane. The method is not reproducible for dimethoate, lindane, terbutryn, chlorpyrifos, and pendimethalin in tap water.
Trueness is expressed as recovery in % and the results are taken from the reproducibility and repeatability experiments. The method is accurate for the commercial water matrix except for lindane (50%). Trifluralin, chlorpyrifos, and pendimethalin show a lower recovery than is required by the EC directive: 68%. For tap water, the method is not accurate for lindane and chlorpyrifos (55 and 61%, respectively). Dichlobenil, trifluralin, and α-endosulfan have a recovery rate of ≥72%.
When the results for accuracy are discussed, attention should be drawn to the fact that a period of 5 months elapsed between the preparation of the spiking solutions and the last analyses performed by some participants. To determine whether loss of stability influences recoveries, compounds showing recoveries of <75% were further evaluated. For each matrix, the laboratories reporting recoveries of <75% were divided in 2 groups: those having performed the analysis within 3 months and those that performed the analysis after >3 months. Only for pendimethalin (bottled water) was an indication found that analysis after >3 months could have a negative effect on recovery. For all the other compounds, the number of laboratories having performed the analysis within 3 months was equal to or higher than the number of laboratories having performed the analysis after >3 months, in spite of the fact that each of the compounds with recoveries between 68 and 72% had losses of 10% in the stability study after 3 months at all conditions tested.
The developed method meets the requirements of the EC Drinking Water Directive 98/83 in terms of accuracy and precision for 22 pesticides in the priority list, with the exception of lindane. However, the method is less suitable for dimethoate, trifluralin, pendimethalin, and chlorpyrifos.
Satisfactory LODs were obtained for all compounds.
